The mitochondrial content of skeletal muscles is proportional to activity level, with the assumption that intrinsic mitochondrial function is the same in all muscles. This may not hold true for all muscles. For example, the diaphragm is a constantly active muscle; it is possible that its mitochondria are intrinsically different compared to other muscles. This study tested the hypothesis that mitochondrial respiration rates are greater in the diaphragm when compared to triceps surae (TS, a limb muscle). We isolated mitochondria from diaphragm and TS of adult male Sprague Dawley rats. Mitochondrial respiration was measured by polarography. The contents of respiratory complexes, uncoupling proteins 1, 2 and 3 (UCP1, UCP2 and UCP3) and voltage-dependent anion channel 1 (VDAC1) were determined by immunoblotting. Complex IV activity was measured by spectrophotometry. Mitochondrial respiration states 3 (substrate-and ADPdriven) and 5 (uncoupled) were 27±8% and 24±10% respectively, lower in diaphragm than in TS (p<0.05 for both comparisons). However, the contents of respiratory complexes III, IV and V, UCP1 and VDAC1 were higher in diaphragm mitochondria (23±6%, 30±8%, 25±8%, 36%±15%, and 18±8% respectively, p≤0.04 for all comparisons). Complex IV activity was 64±16% higher in diaphragm mitochondria (p≤0.01). Mitochondrial UCP2 and UCP3 content and complex I activity were not different between TS and diaphragm. These data indicate that diaphragm mitochondria respire at lower rates, despite a higher content of respiratory complexes. The results invalidate our initial hypothesis and indicate that mitochondrial content is not the only 3 determinant of aerobic capacity in the diaphragm. We propose that UCP1 and VDAC1 play a role in regulating diaphragm aerobic capacity.
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INTRODUCTION
During periods of sustained physical activity, O 2 consumption is driven mostly by mitochondrial respiration in skeletal muscles, as ATP demand is met by aerobic metabolism (26) . Skeletal muscle mitochondrial volume density is a good predictor for VO 2max (26, 28) . In turn, the general concept is that the more active muscles have higher mitochondria content to meet their potentially greater metabolic demands (17, 28) . In mammals, this concept usually excludes the possibility that there might be intrinsic differences in mitochondrial function among skeletal muscles, in particular those muscles with more extreme activation patterns. This is not the case in other vertebrates. For example, hummingbird flight muscles have greater mitochondrial volume density and capillary surface to muscle fiber surface than most, if not all, mammalian skeletal muscles, as befits their fast and sustained activity during flight and hovering maneuvers (29, 46) . Most importantly, the VO 2max of hummingbird flight muscle mitochondria is twice as high as what is reported for mammalian muscles, reflecting greater inner mitochondrial membrane density than in mammalian muscles (47) . Therefore, there are adaptive strategies in addition to pure mitochondrial bulk that influence respiration and, ultimately, energy production.
The diaphragm, the main respiratory muscle, stands out from most skeletal muscles because of its high mitochondrial volume density (2-to 5-fold greater than most limb muscles) and its constant activity (17) . In this study, we explored whether mitochondrial respiration is different in rat TS and diaphragm. We tested the hypothesis that the respiration rates of diaphragm mitochondria are greater than in mitochondria from a limb muscle (triceps surae, TS). To test this hypothesis, we assessed mitochondrial respiratory function in vitro, the content of respiratory complexes, uncoupling proteins (UCP1, UCP2, UCP3), voltage-gated anion channel 1 (VDAC1), and the activities of NADH oxidoreductase (complex I) and cytochrome c oxidase (complex IV). Harlan, Indianapolis, IN) were euthanized with CO 2 followed by pneumothorax and the diaphragm and TS were immediately excised.
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MATERIALS AND METHODS
Materials
Mitochondrial isolation. Mitochondria were isolated as described by Frezza et al. (2007) (12) . Briefly, fresh rat diaphragm and TS muscle samples were rinsed in ice-cold phosphate buffered saline (PBS). The muscles were minced and incubated with 0.05% trypsin in ice-cold PBS with 10 mM EDTA for 30 minutes. Muscles were homogenized in 20 mM HEPES buffer (pH 7.4) containing 215 mM mannitol, 75 mM sucrose, 10 mM EDTA and 0.1% bovine serum albumin (BSA). Homogenates were centrifuged at 700g at 4°C for 10 minutes and the supernatant collected and centrifuged at 10,500g for 10 minutes. The pellets were re-suspended in the HEPES buffer described above containing 3 mM EGTA. Samples were centrifuged at 10,500g and re-suspended in HEPES buffer with 3 mM EGTA to 100 μl final volume (12) . Total protein concentration of the mitochondrial preparation was determined using the Bradford method with BSA as the standard (4). The purity of the mitochondria preparations was evaluated by demonstrating the disappearance of transaminase (a cytosolic enzyme) from the original homogenate to the final mitochondrial preparation (35) .
Mitochondrial O 2 consumption. Mitochondrial respiration was measured using polarography with a Clark-type electrode at 37°C as previously described (35) . After electrode calibration, isolated mitochondria (150 μg) were added to 0.5 ml of respiration buffer (HEPES 20 mM, mannitol 215 mM, sucrose 75 mM, BSA 0.1%, EGTA 20 μM, MgCl 2 5 mM and KH 2 PO 4 2.5 mM). State 2 respiration was started with addition of glutamate (5mM) and malate (2.5 mM). Then, we added adenosine diphosphate (ADP) (150 μM) to start state 3 respiration. Oligomycin (1 μM), an ATPase synthase blocker, was used to estimate state 4 respiration. Lastly, we added carbonyl cyanide p-
[trifluoromethoxy]-phenyl-hydrazone (FCCP, 0.5 μM) to measure state 5, or uncoupled respiration (14) . We calculated the respiratory control ratio (RCR): the ratio of state 3 to state 4 respiration for each experiment. RCR ≥4 was considered as evidence of a viable mitochondria preparation. were scanned using the Odyssey Infrared Imaging System. Density of resulting bands was quantified using LI-COR software. Results were normalized for total protein using Ponceau S staining as described previously (15, 35) .
Mitochondrial respiratory complex activity. NADH oxidoreductase (complex I) activity was measured as the rotenone-sensitive decrease in NADH fluorescence with ubiquinone-1 as the final electron acceptor, as previously described (35) (36) (37) . The assay was performed in 25 mM KPO 4 buffer (pH 7.2) with 6 µg mitochondrial protein, 5 mM MgCl 2 , 1 mM KCN, 1mg/ml BSA, and 150 µM NADH, pre-incubated for 2 minutes at 30ºC and initiated with ubiquinone-1 (50 µM). NADH fluorescence was monitored (340 nm excitation, >450 nm emission) over time with a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA). The assay was also done with rotenone (10 µM) to determine the rotenone-insensitive activity. Rotenone-sensitive complex I activity was then calculated by subtracting the rotenone-insensitive activity from the total activity and presented normalized to mitochondrial protein.
Cytochrome c oxidase (complex IV) activity was measured using a commercial kit 9 based on the shift in the absorption of cytochrome c at 550 nm when it changes its oxidation state (16) . Briefly, diaphragm and TS mitochondria analyzed according to the manufacturer's specifications and the results presented normalized to mitochondrial protein.
Data analysis. Statistical analyses were performed using GraphPad Prism 5. Results from mitochondrial respiration (n=15 rats), immunoblotting (n=4 rats), complex I (n=6) and complex IV (n=8 rats) activities were analyzed using paired Student's t-test comparing diaphragm to TS. Statistical significance was accepted when p< 0.05. Results are reported as means ± SE.
RESULTS
Diaphragm mitochondria have lower state 3 and 5 respiration rates. First, we examined whether diaphragm mitochondria had different respiration rates than TS mitochondria. Our results show that mitochondrial respiration states 3 (substrate-and ADP-driven) and 5 (uncoupled) were 27±8% and 24±10% lower in diaphragm than TS (figure 1A, p<0.05 for both comparisons, n=15 rats). There were no significant differences in states 2 (substrate-driven) and 4. The RCR was greater than 4 for all diaphragm and TS samples, but it was significantly higher in TS mitochondria (figure 1B, 10±1 vs. 6.5±1 in diaphragm mitochondria, p=0.008, n=15 rats). We decided then to investigate whether the difference in respiration rates were due to lower content of respiratory complexes in diaphragm mitochondria.
Diaphragm mitochondria have a higher content of respiratory complexes.
Respiratory complex content was estimated by immunoblotting of representative subunits for each complex. The content of respiratory complexes III, IV and V was significantly higher in the diaphragm mitochondria when compared to TS (23±6%, 30±8%, 25±8% respectively, p≤0.02 for all comparisons, n=4 rats) (Figure 2) . These results indicate that the slower state 3 and 5 respiration rates are not due to lower content of respiratory complexes in diaphragm mitochondria. Instead, there could be differences in the functional properties of the diaphragm mitochondria. To test this, we measured the activity of two mitochondrial complexes, complex I because its content is the same in the two muscles, and complex IV because it is different.
Respiratory complex activity in diaphragm mitochondria. The activity of complex I (NADH oxidoreductase) was not significantly different in TS and diaphragm mitochondria (44±5 and 38.7±7 nmoles/min/mg protein, respectively, n=6, p>0.05) ( Figure 3A) . The activity of complex IV (cytochrome c oxidase) was 64±16% higher in diaphragm mitochondria when compared to TS (p=0.01, n=8 rats) ( Figure 3B ).
To this point, our results show lower respiration rates in the diaphragm mitochondria despite greater content and activity of some respiratory complexes. A possible explanation would be that diaphragm mitochondria are better coupled, as suggested by the lower RCR despite no difference in state 4. Therefore, we examined the content of uncoupling proteins (UCPs) in diaphragm and TS mitochondria. We anticipated a decrease in UCPs content in diaphragm mitochondria, causing a decrease in the proton leak and less oxygen (lower respiration rates) needed to meet the metabolic demand of the muscle.
UCP1 content is higher in diaphragm mitochondria. Uncoupling proteins
partially uncouple electron transport from ATP synthesis (5, 9, 41). UCP1 content was 36%±15% higher in diaphragm mitochondria than in TS (p=0.04, n=4 rats). There were no significant differences in the content of UCP2 and UCP3 (Figure 4) . In consequence, the lower respiratory capacity of the diaphragm mitochondria cannot be explained by the increase in UCP1 content. We decided then to examine the content of VDAC1, an important regulator of metabolite transport in the mitochondria and that can function as a metabolic brake, decreasing oxygen consumption (39).
VDAC1 content is higher in diaphragm mitochondria. Our results show that
VDAC1 content in diaphragm mitochondria was 18±8% higher than in TS (p=0.02, n=4 rats, Figure 5 ). These results suggest that a higher VDAC1 content in diaphragm mitochondria may result in tighter regulation of ATP and may explain the difference in respiration rates between mitochondria from diaphragm and TS.
DISCUSSION
Our results demonstrate that diaphragm mitochondria are different than those from TS; however, the differences were opposite from the anticipated direction. We tested the hypothesis that diaphragm mitochondrial respiratory capacity would be enhanced to meet its higher energy demand when compared to TS. Instead, the results lead us to reject this hypothesis: state 3 and 5 respiration rates are lower in diaphragm than in TS mitochondria (Figure 1) . On the other hand, the content of respiratory complexes III, IV and V, and complex IV activity were greater in diaphragm mitochondria (Figures 2 and   3B ). Activity of complex I was not different in TS and diaphragm ( Figure 3A) . Finally, the content of UCP1 ( Figure 4 ) and VDAC1 ( Figure 5 ) was higher in the diaphragm mitochondria. These results provide evidence that not all skeletal muscle mitochondria are equal and that mitochondria function may be determined by other factors than just mitochondrial volume density.
Based on location and functional properties, there are two mitochondrial subpopulations in skeletal muscle: subsarcolemmal (SS) and intermyofibrillar (IMF) (6, 27, 31) . These two mitochondrial subpopulations have different respiratory capacities, for instance state III and state IV respiration are about two-fold higher in IMF when compared to SS mitochondria from rat hindlimb muscles (6). Although our goal was not to investigate SS and IMF mitochondria in TS and diaphragm, it is conceivable that our findings may be the consequence of greater proportion in IMF mitochondria in TS compared to diaphragm. This issue could be settled with a detailed stereological analysis of mitochondrial distribution in TS and diaphragm.
Mitochondrial bioenergetics in the diaphragm
Our main finding was that substrate-and ADP-driven (state 3) and uncoupled (state 5) respiration rates of diaphragm mitochondria are significantly lower than in TS mitochondria. This was unexpected given functional profile of the diaphragm and its great aerobic capacity: high mitochondrial volume density and capillarity (17) . In addition, the content of complexes III, IV and V was higher in diaphragm mitochondria, same as complex IV activity. Then, the higher content of some respiratory complexes in the diaphragm is not sufficient to compensate and restore respiratory capacity to equal that of TS mitochondria. In many tissues, mitochondria are highly variable and diverse, as determined by different combinations of mitochondrial volume density, content of respiratory chain complexes, and their intrinsic activity (3). The differences may not be linear: all elements moving in the same direction. We found that the content of complexes I and II, and complex I activity were not different between TS and diaphragm.
Others demonstrated that mitochondria differences may result from tissue-specific mitochondrial pathways and tissue-specific differences in the expression of isoforms of subunits of oxidative phosphorylation enzymes (21). It follows then that the content of respiratory complexes may not be solely responsible for the differences in respiration rates. Therefore, we can infer that other proteins may play an important in regulating mitochondrial function and respiration in the diaphragm.
A similar result was found in extraocular muscles (EOMs). EOMs have the highest mitochondrial content of all mammalian skeletal muscles (30) . However, the respiratory capacity of extraocular muscle mitochondria is significantly lower when compared to hind limb muscle, and there are differences in the content and activity of respiratory complexes (35) . These results indicated that mitochondria from extraocular muscles also have intrinsic differences when compared to hind limb muscles.
UCP1 in diaphragm mitochondria
Uncoupling proteins (UCPs) are members of the anion carrier protein family and are located in the inner mitochondria membrane (5, 9) . UCPs create a proton conductance that dissipates the electrochemical gradient generated by the electron transfer chain (45).
The three main UCPs are: UCP1, UCP2 and UCP3 (1). There is still disagreement surrounding the expression of UCP1 in skeletal muscle as well as its function (7, 18, 20, 22, 25) . The Gene Expression Omnibus (GEO), a public database of high-throughput functional genomic data, lists many studies showing UCP1 in skeletal muscle of multiple species (2, 10) . The increase in UCP1 content cannot explain the lower respiration rates in the diaphragm mitochondria, suggesting that UCP1 has other roles in this muscle. For example, UCP1 may prevent the production of reactive oxygen species in skeletal muscle mitochondria (18, 32, 38, 41) . This effect would be more important in the diaphragm since it is constantly active and likely to produce more reactive oxygen species than other skeletal muscles (23, 48) .
VDAC1 in diaphragm mitochondria
VDAC1 plays an important role in metabolite transport across the outer mitochondria membrane (24, 40, 44) . VDAC has the ability to change mitochondrial activity upon cellular needs and metabolic stresses; in that capacity it is referred to as the mitochondrial regulator (24, 40) . VDAC1 may influence cellular ATP release and volume control (8) .
Furthermore, VDAC1 participates in generation of cellular energy and mediates the cytosol reduction/oxidation (redox) state that contributes to regulation of expression and activity of cellular proteins including the ones that participate in protein import into mitochondria and antioxidant enzymes (13, 43, 44) . While VDAC1 and uncoupling proteins are regulators of mitochondrial function, there are other proteins that may also influence it, for example, adenine nucleotide translocator (ANT), cardiolipin and mitochondria nitric oxide synthases (mtNOS) (19) (33) (11). Their relative contribution to the observed differences in the diaphragm mitochondria remains a subject for further study. For now, we propose that VDAC1 is important to regulate energy production in diaphragm mitochondria.
Perspective and significance
Our results demonstrate that the respiratory capacity of diaphragm mitochondria is lower than TS. These results are further evidence that muscle-specific mitochondria adaptations exist in mammals as well, to the extent that mitochondria density is not the only limiting factor for mitochondrial oxygen consumption. We believe that there are, indeed, inherent mitochondrial properties that allow at least certain muscles to meet their metabolic demands. Previous studies have demonstrated that UCP1 and VDAC1 have multiple roles in mitochondrial function (34, 42) . Here, we propose that UCP1 and VDAC1 combine to optimize mitochondrial metabolism in the diaphragm: UCP1 may lessen the proton gradient across the inner membrane, thereby decreasing reactive oxygen species production by the electron transport chain (34) . In turn, VDAC1 optimizes energy production to meet the demands imposed by contractile activity. Both should be particularly important in a constantly active muscle such as the diaphragm. Representative western blots and densitometries of respiratory complexes from TS and diaphragm. The content of respiratory complexes III, IV and V was significantly higher in diaphragm mitochondria. *p<0.02 for all comparisons, n=4 rats. 
T S Di a
